To evaluate histopathological alterations triggered by brain death and associated trauma on different solid organs in rats. METHODS: Male Wistar rats (n=37) were anesthetized with isoflurane, intubated and mechanically ventilated. A trepanation was performed and a balloon catheter inserted into intracraninal cavity and rapidly inflated with saline to induce brain death. After induction, rats were monitored for 30, 180, and 360 min for hemodynamic parameters and exsanguinated from abdominal aorta. Heart, lung, liver, and kidney were removed and fixed in paraffin to evaluation of histological alterations (H&E). Sham-operated rats were trepanned only and used as control group. RESULTS: Brain dead rats showed a hemodynamic instability with hypertensive episode in the first minute after the induction followed by hypotension for approximately 1 h. Histological analyses showed that brain death induces vascular congestion in heart (p<0.05), and lung (p<0.05); lung alveolar edema (p=0.001), kidney tubular edema (p<0.05); and leukocyte infiltration in liver (p<0.05). CONCLUSIONS: Brain death induces hemodynamic instability associated with vascular changes in solid organs and compromises most severely the lungs. However, brain death associated trauma triggers important pathophysiological alterations in these organs. Key words: Brain Death. Craniocerebral Trauma. Pathology. Rats.
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Introduction
Brain death (BD) means cessation of all metabolic pathways in central nervous system, but paradoxically, since it installs, a lot of events are triggered on the whole organism and many pathophysiological changes may be seen in different organs 1 . As BD patients are the most important source of allografts for transplantation and the scarcity of donors is an increasing problem in the whole world 2 , understanding these alterations will contribute to improving management, optimizing outcomes and providing organs that, without treatment, would be unsuitable for transplantation.
The pathophysiological changes that occur during and after BD include hemodynamic, hormonal and inflammatory events. Moreover, vasoconstriction triggered by catecholamine storm leads to peripheral ischemia impairing the organs perfusion.
However, many factors associated with BD which occur before it, such as multi-trauma, hemorrhage and hypoxia can trigger different pathophysiological responses in the organs [3] [4] [5] .
The present study aims to differentiate the features triggered by BD itself on the principal solid organs commonly used for transplantation in a rodent model, comparing them with shamoperated animals submitted to the same time points of observation. 
Methods
Male
Brain death model
Brain death was induced by rapid inflation of a catheter
Fogarty-4F (Baxter Health Care Co., USA) with 500 mL of saline solution, through a drilled parietal burr hole. BD was confirmed by maximal pupil dilatation, apnea, absence of reflex, and drop of mean arterial pressure (MAP). After BD induction the anesthesia was stopped. Sham-operated animals were trepanned only, with no catheter insertion, and the anesthesia was maintained throughout the experiment. BD rats received an infusion of saline solution (2mL/h) trough the jugular vein to minimize dehydration.
Histopathological analyses
After 30, 180, or 360 min, animals were exsanguinated from the abdominal aorta, and heart, lung, liver and kidneys were removed, fixed in formalin, and paraffin embedded. Samples were cut into 4mm sections, and stained with hematoxylin and eosin (H&E). The following features were evaluated: vascular congestion, leukocyte infiltration, edema, and alveolar collapse.
Analyses were performed by two researchers and the score used to measure the intensity of tissue alterations was 0, 1, 2, 3 (absent, slight, moderate, and intense, respectively).
Statistical analyses
All data are presented as median and upper/lower limits.
The overall group differences were compared using a multivariate general linear model with group and time as the factors with a post hoc Bonferroni test. A p-value of less than 0.05 was considered to be significant. All statistical analyses were performed using SPSS for Windows, version 17.0 (SPSS, Chicago, IL, USA).
Results
Hemodynamic parameters
All rats submitted to BD induction showed an immediate increase of the mean arterial blood pressure (MAP) in the first minute after catheter inflation, followed by a decrease in that parameter below baseline for approximately 1h (Figure 1 ). In sham-operated rats no differences were observed in the MAP.
There were no significant differences in heart rate between groups.
Moreover, no differences were observed in the arterial blood gases, electrolytes, lactate and hematocrit values in among groups (data not shown). 
Histopathological evaluation
All histological parameters evaluated are presented in Table 1 
The score used to measure the intensity of tissue alterations was 0=absente; 1=slight; 2=moderate; 3=intense. Values are presented as median and upper/lower limits for 5-7 rats/group.
In the lungs, vascular congestion was observed from the first 30 min in all groups. This observation was more expressive in BD rats compared with sham-operated rats ( Figure   2 ). Although it was observed a slight to moderate leukocyte infiltration in BD rats, this feature was not statistically different when compared with sham-operated animals ( Table 1) (Table 1) . Animals submitted to BD show a moderate, but persistent, leukocyte infiltration in the liver, while sham-operated rats did not show this feature (Table 1) . Interestingly, intracellular edema and vascular congestion were observed in BD and sham rats with no differences among groups (Figure 2 ).
In the kidney, BD rats presented more expressive tubular edema than sham-operated rats (Table 1) We also observed that vascular alterations were a common issue presented in all experimental groups. However, premature and more pronounced histological alterations were observed in BD rats when compared to sham-operated rats, including heart and lung vascular congestion, lung alveolar edema, kidney tubular edema, and liver leukocyte infiltration. Recently, our group described alterations in the mesenteric perfusion of BD rats associated with higher expression of intercellular adhesion molecule (ICAM)-1, and augmentation of leukocyte migration. These findings suggest that the hypoperfusion triggered by BD, as well as leukocyte infiltration, can impair the viability of remote organs. However, the BD-associated trauma was responsible for increases in serum cytokine levels and neutrophil/ lymphocyte ratio which suggest activation of the immunologic system, while these parameters were not significantly influenced by BD itself 6 .
Our findings indicate that histological alterations in the heart, although not so pronounced, seem to be associated with BD induction, as documented by a slight, but significant difference on vascular congestion. In a similar model, but using rabbits, Yeh et al. 7 found many histological manifestations in the heart, including cytoplasmic clearing, loss of myofibrillar striations and contraction banding. In a model of gradual onset of brain death in rats, Wilhelm et al. 8 found no morphological alterations in hearts after 6h. Comparing those both publications to our findings, some degree of discrepancies may have occurred due to methodological differences and species particularities.
Brain death leads to damage in the lung function through hemodynamic, inflammatory, and neurohumoral mechanisms 9 .
Pulmonary dysfunctions may be associated with other events not related to BD such as aspiration, pneumonia, contusion, and ventilator-induced injury. However, it is known that BD induces a neurogenic pulmonary edema, which can occur immediately after neurological insult 3 . In this study, BD rats showed an important alveolar edema, which was observed from 30 min . In our study, the liver of BD rats showed higher leukocyte infiltration compared with sham-operated rats. The augmentation of leukocyte migration is in accordance with van der Hoven et al.
12
.
In that study, rats submitted to BD and observed after one and six hours present an increase in adhesion molecules expression, such as VCAM-1 and ICAM-1, and leukocyte migration to the perivascular tissue. Interestingly, our data additionally showed slight to moderate vascular congestion and intracellular edema in sham-operated rats, indicating that the surgical procedures also induced impairment of the hepatic circulation and cellular damage.
In another study on kidney histology, van der Hoven et al. 13 found similar results to those observed previously on liver,
suggesting that BD induces a progressive immune activation with higher expression of adhesion molecules and influx of leukocytes to perivascular tissue in the kidney. However, in the present study there were no differences in kidney leukocyte migration under BD induction in comparison to sham-operated rats. Nevertheless, moderate tubular edema was observed only in the kidneys of BD groups. Interestingly, BD associated trauma induced an important vascular congestion, similarly to BD itself, also indicating that the associated trauma induces damage on the kidneys.
Conclusions
The brain death leads to hemodynamic instability and vascular changes in all solid organs. The lungs are most severely compromised under this situation due to the development of significant alveolar edema. On the other hand, brain death associated trauma seems to be also responsible for triggering important pathophysiological changes in solid organs.
